Abstract. We have developed an in vitro system to study the biochemical events in the fusion of ilimaquinone (IQ) induced vesiculated Golgi membranes (VGMs) into stacks of cisternae. The Golgi complex in intact normal rat kidney ceils (NRK) is vesiculated by treatment with IQ. The cells are washed to remove the drug and then permeabilized by a rapid freeze-thaw procedure. VGMs of 60 nm average diameter assemble into stacks of Golgi cisternae by a process that is temperature dependent, requires ATP and a high speed supernatant from cell extract (cytosol), as revealed by immunofluorescence and electron microscopy. The newly assembled stacks are functionally active in vesicular protein transport and contain processing enzymes that carry out Golgi specific modifications of glycoproteins. The fusion of VGMs requires NSF, a protein known to promote fusion of transport vesicles with the target membrane in the exocytic and endocytic pathways. Immunoelectron microscopy using Golgi specific anti-mannosidase II antibody reveals that VGMs undergo sequential changes in their morphology, whereby they first fuse to form larger vesicles of 200-300-nm average diameter which subsequently extend into tubular elements and finally assemble into stacks of cisternae.
study the biochemical events in the fusion of ilimaquinone (IQ) induced vesiculated Golgi membranes (VGMs) into stacks of cisternae. The Golgi complex in intact normal rat kidney ceils (NRK) is vesiculated by treatment with IQ. The cells are washed to remove the drug and then permeabilized by a rapid freeze-thaw procedure. VGMs of 60 nm average diameter assemble into stacks of Golgi cisternae by a process that is temperature dependent, requires ATP and a high speed supernatant from cell extract (cytosol), as revealed by immunofluorescence and electron microscopy. The newly assembled stacks are functionally active in vesicular protein transport and contain processing enzymes that carry out Golgi specific modifications of glycoproteins. The fusion of VGMs requires NSF, a protein known to promote fusion of transport vesicles with the target membrane in the exocytic and endocytic pathways. Immunoelectron microscopy using Golgi specific anti-mannosidase II antibody reveals that VGMs undergo sequential changes in their morphology, whereby they first fuse to form larger vesicles of 200-300-nm average diameter which subsequently extend into tubular elements and finally assemble into stacks of cisternae.
T hE Golgi apparatus is perhaps one of the most complex of intracellular organelles. Its basic unit is a discshaped cisterna containing a specific set of enzymes. In mammalian cells four to eight cisternae are stacked in a polarized fashion and numerous such stacks are held together in the pericentriolar region by association with the microtubule organizing center or MTOC. Microtubules are required for holding the stacks together and for their retention in the pericentriolar region (Rogalski and Singer, 1984; Cooper et al., 1990; Kreis, 1990; Corthesy-Theulaz et al., 1992) . What is missing from the picture, however, is an understanding of how cisternae are built, what holds the cisternae together in a stack, and finally whether there are components in addition to microtubules that may confer a pericentriolar localization.
One approach to address these questions is to first dismantle the entire organelle into its smallest unit (vesicles) and then follow the stepwise fusion and assembly of these units into Golgi stacks. This is in fact observed after cytokinesis in the cytoplasm of newly divided mammalian cells. At the onset of mitosis the Golgi complex undergoes extensive vesiculation; the vesicles are partitioned into daughter cells where after cytokinesis they fuse and assemble into a Golgi complex (Lucocq et al., 1987; Lucocq et al., 1989; Warren, vitro. The Golgi membranes do not undergo any change in morphology during mitosis in Saccharomyces cerevisiae. (Preuss et al., 1992) . Therefore, unlike advances made in our understanding of vesicular trafficking from mutants defective in secretion, a similar scheme for identifying mutants defective in vesiculation and assembly of the Golgi has not been successful. These points highlight the difficulty in developing a cell-free system for Golgi breakdown and assembly and therefore a lack of understanding of the mechanisms underlying the structural organization of the Golgi complex.
We have recently shown that ilimaquinone (IQ) causes Golgi membranes to vesiculate into numerous small structures (VGMs for vesiculated Golgi membranes) in vivo (Takizawa et al., 1993; Veit et al., 1993) . Upon removal of IQ, the VGMs first assemble into Golgi stacks by a microtubule-independent process which is then followed by the congregation of stacks into the pericentriolar region by a process that requires microtubules . The breakdown and assembly of Golgi stacks in association with IQ treatment does not require new protein synthesis, indicating that these processes are regulated by reversible modification of proteins (Takizawa et al., 1993; Veit et al., 1993) . The effect of IQ on the Golgi membranes is summarized in Fig.  1 . VGMs appear dispersed throughout the cytoplasm following IQ treatment while stacks appear as large discrete aggregates by immunofluorescence microscopy (IF) in intact cells after removal of IQ. We have used the ability to distinguish VGMs from stacks by light microscopy to reconstitute the process of Golgi stack formation in permeabilized cells. This reconstitution was possible because of two major reasons; firstly, the effects of IQ appear specific for the Golgi (and the microtubules) and secondly, the effects are rapidly reversible. The biochemical requirements of the fusion and assembly of VGMs into stacks of Golgi cisternae are discussed further.
Materials and Methods

Reagents, Antibodies, and Cells
IQ was made up as a stock solution of 5 mg/ml in DMSO and stored at -20°C. Taxol was purchased from Sigma Chemical Co. (St. Louis, MO) and stored at 10 mg/ml in DMSO at -20°C. Pronectin F was obtained from Figure 1 . The effects o f l Q on the Golgi complex. Based on the data from previous studies (Takizawa et al., 1993; Veit et al., 1993) .
Protein Polymer Tech (San Diego, CA). Endo H was purchased from New England Biolabs (Beverly, MA). Formaldehyde (methanol free) was obtained from Polysciences Inc. (Warrington, PA).
Rabbit anti-rat marmosidase II (Man II) was a gift from Dr. M. Farquhar (University of California, San Diego, CA). Mouse anti-B-COP antibody (CM1AI0) was a gift from Dr. James Rothman (Sloan-Kettering, New York, NY). The anti-NSF antibodies and purified NSF were gifts from Dr. Peggy Weidman (St. Louis University, St. Louis, MO) and Dr. James Rothman (Sloan-Kettering, New York, NY). The anti-VSV-G antibody was a gift from Dr. Wdliam Balch (Scripps Research Institute, La Jolla, CA). Rhodaminelabeled goat anti-rabbit and fluorescein-labeled goat anti-mouse were purchased from Boehringer-Mannheim Biochemicals (Indianapolis, IN). Rabbit anti-mouse antibody was purchased from Cappel Laboratories (West Chester, PA). Fab fragments of goat anti-rabbit IgG conjugated to HRP were from Biosys (Compiegne, France).
All tissue culture ceils were grown in complete medium consisting of DME (GIBCO BRL, Gaithersburg, MD) with 10% fetal calf serum, 100 U/ml penicillin and 100 /~g/ml streptomycin (tissue culture medium) at 37°C in a 5% CO2 cell incubator.
Cell Permeabilization
NRK cells were grown to •70% confluency on Pronectin F-coated coverslips. Pronectin F helps increase the attachment of cells to glass coverslips. The cells were pretreated with taxol (final concentration 5/~g/ml) in complete medium with 25 mM Hepes, pH 7.4, for 30 min at 37"C. IQ depolymerizes cytoplasmic microtubules and although upon removal of IQ, tubulin repolymerizes into microtubules in intact cells, in the permeabilized cells (freeze-thawed) the repolymerization is impaired. We therefore pretreat cells with taxol to stabilize microtubules which are used to monitor the permeabilization of cells by using anti-tubulin antibody. Pretreatment of cells with taxol has no effect on the IQ-mediated vesiculation of Golgi membranes nor does it affect the assembly of VGM into large structures, upon removal of IQ, in intact or permeabilized cells. The cells were subsequently incubated with taxol and IQ (final concentration 30/~M) for 45 min at 37°C. To prepare cells for permeabilization, they were washed with KHM buffer (25 mM Hepes-KOH, pH 7.0, 125 mM potassium acetate, 2.5 mM magnesium acetate, 1 mM DTT, and 1 mg/ml glucose). The cells were air dried leaving a thin film of liquid over the wells. The cells were frozen by placing the plate on a metal block that had been cooled on dry ice. (Robinson and Kreis, 1992) . After thawing the cells at room temperature for 4 min, the cells were washed with cold KHM buffer on ice to enhance cytosol dependence. The coverslips were inverted on 50/zl of reaction mix in a petri dish and incubated at 32°C in a water bath. The reaction mix contained KHM buffer, ATP-regeneration system (final concentration 5 mM creatine phosphate, 0.25 mM UTP, 0.05 mM ATP, 12 IU/ml creatine kinase) and cytosol (final concentration 4 mg/ml). Bovine brain cytosol was prepared according to Malhotra et al. (1989) and the estimated protein concentration was ~15 mg/ml.
Immunofluorescence Microscopy
The cells after appropriate incubations were fixed for 15 min at room temperature with 4% formaldehyde (methanol-free) and washed with PBS (150 mM NaCI, 10 mM KC1, 1.8 mM NaH2POa, 8.4 mM Na2HPO4). The cells were blocked in a non-detergent block (PBS containing 2.5% fetal bovine serum) for 30 min at room temperature. The cells were incubated for 1 h at room temperature with anti-tubulin antibody diluted in blocking buffer. The cells were washed with PBS and subsequently incubated with a detergent containing buffer (PBS containing 2.5% FBS and 0.1% Triton X-100) for 30 min followed by anti-Man II antibody for 1 h. The cells were washed and incubated with a mixture of secondary antibody conjugated to fluorescein and rhodamine for 1 h. Cells were washed, mounted onto glass slides in 10 mg/ml p-phenylenediamine in 90% glycerol, and visualized with a Nikon microscope through a 100× oil lens.
Electron Microscopy
The in vitro assembly of Golgi membranes was carried out as described earlier. Duplicate coverslips were processed for immunofluorescence and electron microscopy. Cells on coverslips were fixed for 6 h at 4°C in 2% glutaraldehyde in 100 mM sodium cacodylate buffer, pH 7.4, rinsed briefly in buffer, post-fixed for 1 h at 4°C in 1% OsO4 in buffer, rinsed in buffer, and dehydrated through a graded series of ethanol. The samples were stained en bloc in 0.5% uranyl acetate in 95% ethanol, further dehydrated in 100% ethanol and propylene oxide and embedded in EMbed 812. The coverslips were separated from the polymerized epon blocks by alternately plunging them into water at 60°C and liquid nitrogen. Thin sections (60 rim) cut from these blocks were mounted on formvar-coated slot grids, stained with uranyl acetate and lead citrate and examined in a JEOL electron microscope at 60 kV.
Immunoelectron Microscopy
For irnmunoperoxidase labeling, cells on coverslips were fixed in 100 mM phosphate buffer containing 75 mM lysine, 10 mM pcriodate, and 2% formaldehyde, pH 6.2, for 4 h at room temperature. Fixed cells were then permeabilized with 0.1% saponin in PBS/1% BSA and sequentially labeled with primary antibodies to Man If, followed by HRP-conjugated secondary antibodies diluted in PBS/I% BSA containing 0.1% saponin. The cells were washed in 100 mM cacodylate-HCl buffer, pH 7.4, followed by posttixation in 4% glutaraldehyde in the same buffer for I h. This was followed by incubation in diaminobenzidine and postfixation in cacodylate buffer containing 1% OsO4/1% KFeCN as previously described (Brown and Farquhar, 1989) . Cells were dehydrated and embedded with the cover slips mounted on beem capsules. Coverslips were subsequently removed by immersion of beem capsules/coverslips in liquid nitrogen. Ultrathin sections were cut parallel to the monolayer on a Reicbert Ultracut E microtome, stained with lead citrate, observed, and photographed on a Philips CM 10 or JEOL 1200 EX-II electron microscope.
Infection with ts045 and Labeling of CeUs
The infection and labeling of ceils were done as described previously for intact cells (Takizawa et al., 1993) . Cells were washed after labeling in KHM buffer, permeabilized by freeze-thaw, washed on ice, and incubated with buffer containing cytosol and ATP-generating system at 32°C for I h. Cells were lysed and subjected to immunoprecipitation and endo H digestion as described before (Takizawa et al., 1993) .
Incubation of Permeabilized Cells with anti-NSF Antibodies
The anti-NSF antibody 4A6 (final concentration 0.08 mg/ml) and 7(}11 (final concentration 0.08 mg/ml) were added to IQ-treated semi-permeable cells for 25 rain on ice in the absence of an ATP-regenerating system. This was followed by incubation of the antibodies in the complete reaction mix for 45 rain at 32°C. The KHM buffer used here included 50 mM KCI in addition to the components mentioned earlier. Purified NSF (final concentration 200 ng in a 50 #1 reaction mix) was preincubated on ice with the 4A6 antibody for 30 rain and then added to the permeabilized cells.
Results
Assembly of VGMs in a Permeabilized Cell System
NRK cells grown on glass coverslips were pretreated with taxol for 30 min at 37°C to stabilize the microtubules, followed by treatment with IQ for 45 min at 37°C. IQ treatment did not affect the taxol stabilized microtubules but caused Golgi membranes to break down into VGMs as judged by immunofluorescence microscopy using cis, medial, and TGN specific antibodies. The cells were washed in buffer, subjected to a rapid freeze-thaw procedure for permeabilization (Robinson and Kreis, 1992) , and then incubated at 32°C for 1 h in buffer containing an ATP regeneration system. Permeabilization and access to the cell interior was assayed by incubating the cells with an anti-tubulin antibody following fixation in the absence of a detergent. Since all the incubations up to this stage were carried out without a detergent, only permeabilized cells show staining with the anti-tubulin antibody. The cells were subsequently treated with a detergent containing buffer to access the lumenally exposed epitope of the Golgi-specific Man II protein (Saraste et al., 1988) . Under conditions used, the freeze-thaw method resulted in the permeabilization of the plasma membrane while the Golgi membrane remained intact. We routinely observed permeabilization of greater than 90% of the cells by this method. The cells were incubated with a mixture of two secondary antibodies conjugated to different fluorochromes (fluorescein and rhodamine) to reveal the distribution of tubulin and Man II by fluorescence microscopy. Fig. 2 shows the sequential stages of the assay in permeabilized cells. After removal oflQ, VGMs assembled into large structures distributed in the cytoplasm (Fig. 2 G) . This change in morphology, i.e., Man II remaining completely dispersed (Fig. 2  C) or assembled into large aggregates (Fig. 2 G) is observed in 90% of the cells. This is determined by counting 200 cells on duplicate coverslips. This criterion is maintained throughout the study to score for assembled (aggregated Man II) and unassembled (dispersed) Man II. The assembly of VGMs into these aggregates was inhibited at 4°C (Fig. 3  A) or by depletion of the ATP pool using hexokinase and glucose (Fig. 3 B) .
The Assembly of VGMs into Discrete Golgi Structures In Vitro Is Cytosol Dependent
As shown in Fig. 2 G, VGMs can assemble into large aggregates in permeabilized cells indicating that the activities required for the assembly of VGMs are retained in these cell preparations. However, when cells were permeabilized and washed extensively with buffer on ice, VGMs failed to assemble in greater than 90% of the cells in the presence of an ATP-regenerating system (Fig. 3 C) . Addition of cytosol from bovine brain and an ATP-regenerating system to the buffer reconstituted the formation of the large structures from VGMs in greater than 90% of the cells (Fig. 3 D) . A high speed supernatant from CHO cells could also support the formation of large structures from VGMs (data not shown). Addition of either BSA or purified tubulin at protein concentrations equivalent to cytosol did not support the assembly of VGMs (data not shown). These findings demonstrated that VGMs assembled into large aggregates in a process that had an obligate requirement for cytosolic proteins. The large aggregates contained coatomers (Duden et al., 1991; Waters et al., 1991) as revealed in cells double stained with antibodies to Man II (Fig. 3 E) and coatomers (Fig. 3  F) . These aggregates also contained membranes from the TGN (Luzio et al., 1990) as revealed by the presence of TGN-38 (data not shown).
The Large Aggregates of Golgi Membranes Are Stacks of Cisternae
The large structures that assembled from VGMs in semiintact cells under conditions described above could be clusters of VGMs or they could have fused to form stacks of Golgi cisternae. In order to morphologically characterize the large aggregates, pe-'meabilized cells as described above (Fig. 3 D) were fixed with glutaraldehyde and processed for electron microscopy on cover slips. As shown in Fig. 4 , the presence of stacks of Golgi cisternae (G~ and G2) were evident in the cells. Vesicular structures about 60-90 nm in diameter were also seen in the immediate vicinity of these stacks. It is not possible to distinguish, at present, whether these vesicular structures are VGMs participating in the process of stack formation or Golgi derived transport vesicles. The newly assembled stacks were on an average 0.5 t~m in length. In addition, the same cells showed small clusters of vesicles which again could be VGMs en route to fusion (Fig.   4, asterisk) . Steps involved in the assembly of IQ derived VGMs into discrete Golgi structures. NRK cells grown on coverslips were incubated with taxol followed by IQ at 37°C. The cells were washed to remove IQ, permeabilized by freeze-thaw, and then incubated with an ATP-regenerating system at 32°C. The cells were fixed for indirect immunofluorescence using an antibody to tubulin and a Golgispecific antibody (Man II).
The rabbit polycloaal antibody against Man II and mouse monoclonal antibody to tubulin were colocalizcd by using goat anti-rabbit conjugated to rhodamine and goat antimouse conjugated to fluorescein. The sequential stages from the vesiculation of Golgi complex with IQ to the assembly of VGMs into large aggregates are shown. Untreated NRK ceils (A and B), IQtreated cells (C and D). Cells permeabilized after removal of IQ (E and F) and permeabilized cells incubated with ATP-regenerating system at 32°C (G and H). The Golgi complex vesiculates with IQ and reassembles into large aggregates on removal of IQ in a permeabilized system. Bar, 10 ~m. Figure 3 . The assembly of VGMs into large aggregates is temperature, energy, and cytosol dependent. NRK cells were incubated with I0~ permeabilized after removal of the drug as described in the legend to Fig. 2 and washed with cold KHM buffer on ice. One set of coverslips was maintained at 4°C, a second set was treated with 2 mg/ml hexokinase, 5 mM D-glucose and incubated in buffer, a third set of coverslips was incubated in KHM buffer and an ATP-regenerating system, while a fourth set was incubated with bovine brain cytosol in addition to buffer and ATP. The cells were processed for immunofluorescence microscopy using antibodies to Man II. Incubation at 40C for 2 h (A) and depletion of ATP (B) completely abolished the ability of VGMs to form large structures. In the absence of cytosol (C) VGMs remain completely dispersed while in the presence of cytosol (D) they assembled into large structures. Cells that were incubated with buffer containing ATP and cytosol were also double stained with antibodies to Man H (E) and coatomer (F) to show colocalization of Man II and coatomer in the large aggregates. Bar, 10 #m. The cells on coverslips were fixed in parallel for immunofluorescence and electron microscopy. Thin sections of the cells were visualized by electron microscopy. As is evident from the micrograph, under conditions described in the text, VGMs have assembled into stacks of Golgi cistemae (GI and (32) . Small clusters of vesicles (*) may be intermediates in the process of Golgi stack formation. The small vesicles in the vicinity of the Golgi stacks 1 and 2 may be VGMs en route to assembling into stacks or transport vesicles. ER, endoplasmic reticulum; N, nucleus; G~, Golgi stack 1; G2, Golgi stack 2; * cluster of vesicles. Bar, 0.5 #m.
Morphological Analysis of Protein Transport in the Permeabilized Cells
To test whether the newly formed stacks of Golgi are capable of receiving transport vesicles from the ER, we carried out the following experiment. NRK cells grown on coverslips were infected with the vesicular stomatitis virus (VSV) mutant strain tsO45 that expresses a form of VSV-G protein with a temperature-sensitive defect in export from the ER (Lafay, 1974; Balch et ai., 1986) . Infected cells were incubated at Figure 5 . The newly formed Golgi stacks are functionally active in receiving proteins from the ER. NRK cells grown on coverslips were infected with the tsO45 strain of VSV. Infected cells were incubated with IQ at 40"C for 25 min and then washed to remove IQ. These cells were permeabilized and incubated at 32°C for 0 min (C and D) and 60 rain (E and F) in buffer containing cytosol and an ATP-regenerafing system. Untreated infected cells at 40°C double stained with Man 11 and P5IM are shown in A and B. The P5D4 antibody (without detergent), which recognizes a cytoplasmic epitope of VSV-G protein was used to monitor cell permeabilization. VSV-G protein after 60 rain of incubation at 32°C colocalizes with the newly assembled Man H-positive structures indicating transport of the G-protein from the ER to the Golgi stacks. Bar, 10 #m. the restrictive temperature (40°C). The cells were treated with IQ at 40°C for 25 min to vesiculate the Golgi membranes and washed to remove IQ. These cells were subjected to freeze-thaw, washed, and transferred to 32°C (permissive temperature) for 60 min with buffer containing cytosol and an ATP-regenerating system. The cells were processed for IF in the absence of a detergent with an antibody P5IM (Kreis, 1986) against the cytoplasmic tail of the VSV-G protein (instead of the anti-tubulin antibody used in the earlier experiments to score for semi-intact cells). This was followed by detergent treatment and staining with the Golgi specific Man II antibody. These double stained cells showed that at 40°C, VSV-G protein was retained in the ER as expected (Fig. 5  B) . Upon shifting cells to 32°C, at the 0 min time point, VSV-G appeared located in the ER (Fig. 5 D) and Man II was diffusely distributed throughout the cytoplasm (Fig. 5 C) . After 60 rain of incubation, Man II appeared in large aggregates (Fig. 5 E) and VSV-G protein colocalized with these structures as revealed by double labeling of the cells (Fig. 5  F) . These results indicate that the large structures that assemble from VGMs are capable of receiving newly synthesized proteins from the ER. Additionally the newly formed stacks breakdown upon IQ or BFA treatment (data not shown), indicating that the stacks of Golgi cisternae assembled from VGMs contain appropriate protein components necessary for BFA-and IQ-mediated breakdown of the Golgi.
Modification of Oligosaccharides by the Enzymes of the Newly Assembled Golgi Stacks
We then addressed whether the processing enzymes in these newly formed stacks from VGMs are functionally active. We monitored the maturation of newly synthesized VSV-G protein as it arrived from the ER and was transported through the successive cisternae of the newly formed stacks. VSV-G protein acquires high mannose oligosaccharides during co- Figure 6 . The newly assembled Golgi stacks carry out specific posttranslational processing of proteins in transit through the Golgi. NRK cells were infected with the Indiana strain of VSV and incubated with IQ at 37°C for 30 min. The cells were labeled with [35S]methionine, permeabilized, washed and incubated in the presence of an ATP-regenerating system and cytosol. At time points depicted during the chase, cells were lysed by extraction with detergent, and the VSV-G protein immunoprecipitated. One half of each precipitate was digested with endo H, and both halves subjected to SDS-PAGE followed by autoradiography. Gs represents the endo H-sensitive form and GR represents the resistant form.
translational insertion into the ER and in transit through the Golgi, N-acetyl glucosaminosyl transferase and resident mannosidases convert the oligosaccharides of the G protein from the high mannose to the complex type (Kornfeld and Kornfeld, 1985) . Sensitivity to endo H, which only cleaves high mannose oligosaccharides can thus be used to monitor the transport and modification of ER derived proteins through the medial Golgi complex. NRK cells were infected with the wild type Indiana strain of VSV for 2 h and then treated with IQ for 30 min at 37°C. The cells were pulse labeled with [35S]methionine for 8 min. The cells were washed, permeabilized, and incubated in buffer containing cytosol, ATP-regenerating system in the absence of IQ. VSV-G protein was immunoprecipitated at time 0 and at the end of 60 rain of incubation. One half of each immunoprecipitate was digested with endo H and the samples were subjected to SDS-PAGE followed by autoradiography. As shown in Fig. 6 , at the onset of incubation, VSV-G protein was sensitive to endo H digestion (Gs) while after 60 min of incubation, the protein was endo H resistant (GR). These results demonstrate that the newly assembled Golgi membranes contain functionally active processing enzymes and are transport competent.
NSF Is Required for the Fusion of VGMs
NSF is a homotrimer of 70-kD subunits that was first identified as a factor necessary for the fusion of Golgi derived transport vesicles with the target Golgi cisternae (Glick et al., 1987; Block et al., 1988; Malhotra et al., 1988) . Is NSF also required for the fusion of VGMs during stack for- Figure 7 . NSF is required for the assembly of VGMs into stacks.
Permeabilized cells (after IQ treatment) were preincubated on ice for 25 min with the anti-NSF inhibitory antibody 4A6 (A) and the non-inhibitory antibody 7(311 (B). These cells were subsequently incubated with the antibodies, cytosol and ATP at 32°C for 45 min. The cells were fixed and stained with Man II antibody. The 4Ati antibody inhibits assembly of VGMs into Golgi stacks in about 80% of the cells. Recovery in the form of large aggregates can be observed in the presence of the non-inhibitory 7(311 antibody. Preincubation of 4A6 antibody with purified NSF, followed by addition of this complex, resulted in recovery (C). Bar, 10 #m. marion? The procedure used for the preparation of the cytosol fraction from bovine brain inactivates NSF . The only source of NSF in the reaction described here is that associated with the membranes in semi-intact cells. To test the involvement of NSF, we have used the monoclonal anti-NSF inhibitory antibody 4A6 that has been used in the past to demonstrate NSF requirement in transport between Golgi cisternae, ER to Golgi and between endosomes Beckers et al., 1989; Diaz et al., 1989) . Permeabilized cells were preincubated with the anti-NSF monoclonal antibody 4A6 and then the cells were incubated with the antibody along with the assembly buffer, cytosol, and ATP for 45 min at 320C. In parallel, cells were incubated with the non-inhibitory anti-NSF antibody 7(311 as a control. It is evident from Fig. 7 B, that the large aggregates are formed in cells treated with 7Gll antibody, while the 4A6 antibody inhibited the assembly reaction in "°80% of cells (Fig. 7 A) . About 20% of cells treated with 4A6 antibody showed very small aggregates of Man II which may correspond to early stages of assembly. It is not clear whether this early recovery represents clusters of vesicles that have docked but failed to fuse or these cells have passed the stage of NSF requirement in the fusion and assembly process. To confirm the specificity of antibody inhibition, the 4A6 antibody was preincubated with purified NSF. When this complex was added to IQ-treated permeabilized cells, recovery was observed in >90% of the cells (Fig. 7 C) . This suggests that the antibody inhibition is not a consequence of steric hindrance but due to inactivation of NSF on the membranes by the antibody.
Ultrastructural Analysis of the Stack Formation from VGMs
The question we want to address is how small vesicular structures such as VGMs upon fusion and assembly acquire the morphology of stacks of cisternae, i.e., what are the structural changes that VGMs go through en route to assembling into stacks of cisternae. For this we have used immunoelectron microscopy using the cis/medial Golgi-specific protein Man If. The cells were fixed at various stages of the assembly process and thin sections were visualized by immuno-electron microscopy (Figs. 8 and 9) using anti-Man II antibody. Coatomers (visualized by double labeling cells with the coatomer specific antibody CM1A10) co-localize with Man II staining at different time points by immunofluorescence microscopy (data not shown). This indicates that both Man II containing membranes and coatomers assemble under these conditions with similar kinetics. Immunoelectron microscopy of the samples reveals Man II at the onset of the assembly process in small 60-90 nm size vesicles. Very few of these vesicles are found in a given section of the sample and the vesicles are largely distributed randomly throughout the cell (Fig. 8, A and B) . At twenty minutes of the assembly process, Man II is found in larger vesicular structures of distinct sizes that are clustered together. The large vesicles in these clusters have an average diameter of ,,o 200--300 nm (Fig. 8, C-E) . 45 min after the onset of the assembly reaction, Man II is found mostly in tubular elements and very small cisternae that are stacked (Fig. 9, A-C, stacks of cisternae are labeled as Gc and tubular elements as Gt). At this stage of the assembly process, smaller stacks of cisternal elements reveal Man 1I throughout the stack. At 60 min, Man II is found predominantly in stacks of cisternae (Fig. 9, D-F) . Interestingly, however, the distribution of Man II containing cisternae in these stacks varies. While there are stacks of cisteruae in which Man II is restricted to one or two cisternae (Fig. 9, D and E) the same sections also show stacks where Man H is present in more than two cisternae (Fig. 9 F) . Could there be two different states of enzymatic compartmentation within the newly formed stacks?
Discussion
The Golgi complex, which is composed of stacks of cisternae is a very dynamic organelle. There is an extensive flux of membranes in the form of transport vesicles both to and from each of the Golgi cisterna. Additionally, these membranes undergo extensive vesiculation followed by reassembly into the native structure coincident with the cell cycle in mammalian cells (Warren, 1993) . Thus, not only is there a need to maintain the structural organization of stacks in interphase cells but these stacks have to be rebuilt from their vesiculated form after mitosis in the cytoplasm of daughter cells. How then is this structural organization of the Golgi complex established and regulated? We have focused on one aspect of this dynamic behavior, namely the assembly of vesiculated Golgi membranes (VGMs) into stacks of cisternae, and provide a first attempt to characterize the biochemical requirements for the stack assembly process.
The stack formation requires ATP and cytosol. While assembly of stacks is observed at 37°C, we have found 32°C to be optimum as incubation of semi-intact cells at 37*C results in >50% of the cells sloughing from the cover slips. Since the procedure of freeze-thaw disrupts the organization of cytoplasmic microtubules, it is not surprising that the newly assembled stacks remain dispersed and do not congregate in the pericentriolar region. The structural and spatiai organization (with reference to the nucleus) of the newly assembled stacks is similar to those observed in mammalian ceils lacking cytoplasmic microtubules, for example cells treated with microtubule depolymerizing agents such as nocodazole (Rogalski and Singer, 1984; Ho et al., 1989; Turner and Tartakoff, 1989; Kreis, 1990) . The dispersed Golgi stacks in nocodazole-treated cells were fully functional in protein secretion and modification (Iida and Shibata, 1991) . Similarly, the stacks that assemble from VGMs are functionally active as these membranes are competent in receiving and processing newly synthesized proteins made in the ER that are en route to the cell surface. The stacks formed in vitro contain a full complement of cisternae as revealed by the presence of cis/medial-, and TGN-specific polypeptides. The newly formed stacks contain Golgi-specific peripheral proteins such as coatomers and are susceptible to pharmacological agents, BFA and IQ. These findings substantiate our proposal that the polypeptide composition, function and structural organization of the newly formed stacks in vitro are highly similar to that observed in vivo.
The Fusion of VGMs in the Process of Cisternal Biogenesis Is NSF Dependent
The process of transport vesicle docking and fusion with the target membrane in addition to NSF, requires soluble NSF attachment proteins (SNAPs) and SNAP receptors (SNAREs) (Wilson et al., 1992; Clary et ai., 1990; SoUner et al., 1993; Whiteheart et al., 1993) . Rothman and colleagues (Sollner et al., 1993) have proposed a general hypothesis for vesicle docking and fusion based on studies monitoring vesicular transport between two membranebound compartments. In this scheme, or the "SNARE hypothesis; SNAPs bind to receptors on vesicles (v-SNARE) and the target membrane (t-SNARE). NSF then binds to this complex via its association with SNAPs and subsequent events, catalyzed by ATP hydrolysis, disassemble the complex in vitro. These findings are translated into steps corresponding to the docking and fusion of transport vesicles with the target membrane (Sollner et al., 1993) . It has been proposed that similar proteins (or their isoforms) are involved in all intracellular homotypic and heterotypic membrane fusion events (Rothman and Warren, 1994) . While membrane fusion events in the exocytic protein transport pathway and endosome fusion require NSF Malhotra et al., 1988; Beckers et al., 1989; Diaz et al., 1989) exceptions do exist, the most recent being the finding that fusion between ER membranes from Saccharomyces cerevisiae does not require NSF (Latterich and Schekman, 1994) . Why some membrane fusion events involve such an elaborate interplay between the cytoplasmic and membrane proteins and others do not is not obvious. Schekman and colleagues have suggested that fusion with target membranes (as observed during protein transport) may need cytosolic components to ensure tight membrane attachment. The fusion of large membranes such as the ER could occur over a large surface area and may therefore not need accessory proteins to potentiate contact between apposing membranes (Latterich and Schekman, 1994) . Regardless, our finding that NSF is required for VGM fusion suggests that other proteins that interact with NSF in promoting membrane docking/fusion are also likely to be involved. In this regard it is particularly interesting that Golgi associated isoforms of both SNAPs and SNAREs have been identified (Clary et al., 1990; Bennett et al., 1993) . Whether these isoforms confer specificity to NSF-dependent membrane fusion events, e.g., stack formation during Golgi assembly versus vesicular transport can now be tested in this assay.
The Assembly of Compartmentalized Stacks of Golgi Cisternae
The assay described here not only monitors the fusion between VGMs but also documents the assembly of the dispersed VGMs into stacks of flattened Golgi cisternae. While the understanding of the mechanism of fusion of VGMs is of fundamental importance, the biggest advantage of this assay is the ability to score for components regulating the assembly of VGMs into Golgi stacks. There are three major questions that need to be addressed.
The first question pertains to the shape of the structure that develops from the fusion of VGMs. In general, we would expect the fusion of VGMs to progressively form larger vesicles. Instead, the end product of fusion and assembly are fiattened cisternae that are morphologically distinct from the starting material. How is this achieved? We reasoned that VGMs may indeed first fuse to form large vesicular structures that condense or flatten during the stacking process. To test this working hypothesis we monitored the kinetics of the assembly process by using anti-Man II antibody of the cis/medial Golgi cisternae. Our results revealed that the VGMs undergo a progressive increase in size, to first form large vesicular structures that are clustered together. These large vesicles then undergo a change and become more tubular. This raises an interesting question; does this process involve another round of membrane fusion or is it mediated by specialized proteins (molecular motors and cytoskeletal elemerits) which pull large vesicles into more tubular elements? If another round of fusion is involved at this step of the assembly process is it mediated by NSF and accessory proteins or does it take place independent of NSF as is the case for the fusion of larger ER vesicles with each other during ER assembly (Latterich and Schekman, 1993) ?
The second question that follows is how are cisternae held together in a stack? Brown and colleagues have shown that Golgi stacks can be separated from each other by proteolytic treatment in vitro (Cluett and Brown, 1992) . Such unstacking by proteolysis correlates with a loss of proteinaceous bridges on the cytoplasmic side of the cisternae as seen by electron microscopy. The cisternae released as a result, however, retain their flattened appearance. The polypeptides that compose these inter-cisternal bridges are not known. Proteins that may fulfill this functional requirement are giantin (Linstedt and Hauri, 1993) , actin binding proteins such as comitin (Weiner et al., 1993) , an isoform of/~-erythroid spectrin (Beck et al., 1994 ) and a detergent insoluble pool of proteins identified from Golgi enriched membrane fractions (Slusarewicz et ai., 1994) . The list of potential candidates for the stacking of cisternae at present is quite diverse, and it remains to be seen which of these are the actual players.
The third question that needs to be addressed is how are Golgi cisternae stacked in a polarized fashion such that the cis and the TGN are on the opposite face of the stack and how are these stacks oriented such that the cis is proximal to the nucleus. In order to address this question we first need to know whether the fusion of VGMs is homotypic (between vesicles of the same type) or heterotypic (i.e., VGMs from different cisternae fuse randomly with each other). If the fusion between VGMs is between vesicles of the same type, then according to this scheme the ensuing cisternae will have to be sorted during the stack assembly process such that the cis is followed by the medial, trans and the TGN. The second possibility is that the VGMs fuse at random with each other (heterotypic fusion) to form stacks of cisternae where the resident enzymes are not compartmentalized. Once the stacks have been established, the resident enzymes could then be relocated to their respective cisternae by protein transport and sorting. In this context it is interesting to note that at the time point in our assembly assay when stacks of cisternae are evident both by conventional and immunoelectron microscopy, Man II shows a hybrid distribution-from being predominantly confined to one or two cisternae in a stack, to being present in numerous and in some cases all cisternae. It is, therefore, tempting to speculate that the initial fusion between VGMs may be indiscriminate, and the enzymatic compartmentation may take place, post-stacking, by protein transport and sorting, in the anterograde and retrograde direction. It is, however, also possible that our assay does not reconstitute the retention mechanism within the Golgi cisternae. The newly formed stacks, therefore, may be highly compartmentalized to begin with, but because of a faulty retention mechanism, the resident enzymes are transported to other cisternae of the stack by the transport process. Since little is known about the general protein machinery involved in retention, the problem of establishing compartmentation within the Golgi stack is beyond our scope at present.
These points highlight the complexity of the organization of Golgi stacks and also acknowledge a lack of our understanding of the processes by which the stacks are established. The assay reconstituting stack formation from its building blocks "VGMs" as described here has already revealed that this process shares some similarities with the events controlling fusion of transport vesicles with target membranes. Further studies will undoubtedly reveal the underlying biochemistry of the organization of the stacks and its regulation during mitosis.
